Introduction {#Sec1}
============

Recent developments in manufacturing techniques, such as Fused Filament Fabrication and Stereolithography technologies, have considerably broadened the range of possible architectures for artificial materials^[@CR1]^. Advanced material properties have subsequently been tailored in many fields of physics, among which pentamode mechanics^[@CR2]^, acoustic rainbow trapping^[@CR3]^, metasurface retroreflector^[@CR4]^, or microwave atomic clock^[@CR5]^. From this perspective, biological systems can be a valuable source of inspiration: idealised synthetic replicas mimicking fauna and flora^[@CR6]^, spider-web structures^[@CR7]^, or sperm-cell motion^[@CR8]^ have demonstrated astonishing performances in photonics, lattice mechanics, and micro-robotics.

Particularly interesting in acoustic and thermal insulation are cereal straws such as wheat, reed or rattan. They have been used as building materials for centuries due to their large availability throughout the world. Previous empirical^[@CR9]^, phenomenological^[@CR10]^, and theoretical^[@CR11]^ studies showed that viscous and thermal diffusion through the arrangement of stems play a dominant role in acoustic performances. Attention was mainly paid to the effects of the length, concentration, and relative orientations of the straws on sound absorption. While arrays of straws were usually idealised as classical visco-thermal fluids made of either solid or completely hollow straws, closer examination of cereal straws in Fig. [1](#Fig1){ref-type="fig"} reveals that nodes within the stem partition the straw into tubular segments. Therefore, when cutting straws on either side of a node, the resulting pieces are neither solid obstacles in the path of the acoustic wave, nor open hollow straws channelling the flow, but rather double quarter-wavelength resonators (QWR) separated by the node.Figure 1Photograph of a wheat straw and details of the inner node partitioning the stem into separated tubular segments.

Based on this observation, we designed a metafluid inspired by the cereal straws (MCS) made of the periodic repetition of double QWR, see Fig. [2](#Fig2){ref-type="fig"}. We theoretically show that their collective resonances entail an effective negative bulk modulus in the MCS around the QWR fundamental frequency resulting in both band gap opening and strong wave dispersion. In particular, the strong dispersion induced by the double QWR below its fundamental resonance generates a slow propagation of sound over a wide band in the low frequencies. Therefore, the Fabry-Perot resonances of a MCS layer appear in the deep subwavelength regime and its associated density of states is increased. Combining these effects with the viscous and thermal diffusion tailored by the concentration of double QWR, each low quality factor mode of the MCS layer can yield perfect absorption peaks due to a critical coupling between the inherent losses and the energy leakage of the MCS layer^[@CR12]^. The theoretical predictions are supported experimentally by data from impedance tube measurements on prototypes fabricated by Fused Filament Fabrication. This manufacturing technique induces corrugation at the walls of the straws which has been advantageously used to enhance further attenuation in the manufactured sample. Perfect absorption of sound for wavelengths in air 13 times larger than the layer thickness has been achieved with large absorption value below the first resonance of the double QWR.Figure 2Schematic of the idealised metafluid inspired by cereal straws. (**a**) Representation of the $\documentclass[12pt]{minimal}
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                \begin{document}$${\rm{\Omega }}$$\end{document}$-periodic arrangement of the double Quarter-Wavelength Resonators (QWRs) elements. (**b**) Details of the unit cell. (**c**) Details of the QWR opening. (**d**) Zoom at the corrugation of the walls.

Idealisation of the Cereal Straw Arrangement {#Sec2}
============================================

The cereal straw arrangement is idealised by a three-dimensional $\documentclass[12pt]{minimal}
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                \begin{document}$$({{\bf{e}}}_{1},{{\bf{e}}}_{2},{{\bf{e}}}_{3})$$\end{document}$ containing a double QWR. The axis of each double QWR is oriented along the direction **e**~1~ and consecutive stacks of straws are separated by an air-gap to permit air to flow inside the straws. Each double QWR has the outer radius *r*~*o*~, the inner radius $\documentclass[12pt]{minimal}
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Sound Propagation in the MCS {#Sec3}
============================

The propagation of air-borne acoustic waves in the MCS is studied under ambient conditions in the linear harmonic regime at frequencies $\documentclass[12pt]{minimal}
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                \begin{document}$${\ell }_{1}\le {\lambda }_{e}$$\end{document}$/2), the idealised system is expected to behave as a metafluid, that is an effective homogeneous medium with strong wave dispersion induced by microstructural QWR resonances. The effective pressure *P* and particle velocity **V** in the MCS are governed by the following equations of mass conservation and generalized Darcy law, see Section Methods for details,$$\documentclass[12pt]{minimal}
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                \begin{document}$$n\in \{1,2,3\}$$\end{document}$ are expressed by the Johnson formula^[@CR13]^, and the homogenisation theory^[@CR14],[@CR15]^, see Section Methods. The effective bulk modulus *B* satisfies the following association rule when normalised by the bulk modulus *B*~*e*~ of air,$$\documentclass[12pt]{minimal}
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                \begin{document}$${{\rm{\Omega }}}_{2}$$\end{document}$. While *β*~0~ is given by the Johnson-Lafarge model^[@CR13],[@CR16]^ and the homogenisation theory^[@CR14],[@CR15]^, the apparent compressibility factors *β*~1~ and *β*~2~ account for the fact that the QWRs act as secondary acoustic sources in the medium, see Section Methods. They can be expressed in the form,$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\beta }_{j}={(\frac{{B}_{j}}{{B}_{e}}\frac{{k}_{j}{h}_{j}}{\tan ({k}_{j}{h}_{j})}-\mu {k}_{e}^{2}{r}_{i}{h}_{j})}^{-1},\,j\in \{1,2\},$$\end{document}$$where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${k}_{j}=\omega /\sqrt{{B}_{j}/{\rho }_{j}}$$\end{document}$ is the wavenumber in the domain $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${{\rm{\Omega }}}_{j}$$\end{document}$, with the effective density $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\rho }_{j}$$\end{document}$ and bulk modulus *B*~*j*~ in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${{\rm{\Omega }}}_{j}$$\end{document}$ being derived from the Zwikker & Kosten model^[@CR17]^. Moreover, the dimensionless factor $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mu =1.2$$\end{document}$ in Eq. ([4](#Equ4){ref-type=""}) corrects the radiation impedance at the aperture $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${{\rm{\Sigma }}}_{j}$$\end{document}$.

Hence, the quarter-wavelength resonance of the duct $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${{\rm{\Omega }}}_{j}$$\end{document}$ can cause *β*~*j*~ and thus the bulk modulus *B* to become negative^[@CR18],[@CR19]^, which offers the possibility to open non-propagative band-gaps and generate slow sound regimes. Moreover, since the inner resonances only affect the mass conservation, non-propagative band-gaps are opened for any direction of propagation in the MCS, regardless of the anisotropy of the Darcy tensor.

Effective Fluid Parameters of the MCS {#Sec4}
=====================================

The MCS with the following geometry is considered,$$\documentclass[12pt]{minimal}
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A photograph of the 3D-printed MCS prototype manufactured by means of Fused Filament Fabrication is shown in Fig. [3(a)](#Fig3){ref-type="fig"}. To characterise the corrugation at the outer walls of the straws and estimate $\documentclass[12pt]{minimal}
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                \begin{document}$${\ell }_{2}={\ell }_{3}$$\end{document}$ entails the orthotropy of the Darcy tensor, with the principal permeabilities *K*~2~ and *K*~3~ being equal in Eq. ([2](#Equ2){ref-type=""}).Figure 3Cut view of the 3D-printed prototype manufactured by means of Fused Filament Fabrication. The inset depicts an Electron Scan Microscopy (ESM) cliché of the walls of two neighbouring 3D printed straws obtained after gold deposition at the surface of the plastic walls.

Figure [4(a,b)](#Fig4){ref-type="fig"} represent the effective normalised parameters $\documentclass[12pt]{minimal}
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                \begin{document}$$n\in \{1,2\}$$\end{document}$ for the MCS, where *P*~*e*~ is the atmospheric pressure and $\documentclass[12pt]{minimal}
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                \begin{document}$$j\in \{1,2\}$$\end{document}$, are also plotted. This latter system can be seen as a equivalent anisotropic fluid inspired by cereal straws (FCS)^[@CR20]^. As shown in Fig. [4(a)](#Fig4){ref-type="fig"} and emphasised in the lower inset, the fundamental resonance of the double QWR induces negative bulk modulus *B* over the broad frequency range $\documentclass[12pt]{minimal}
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                \begin{document}$$[2460,3254]\,{\rm{Hz}}$$\end{document}$. The low frequency limit of the bulk modulus is also magnified in the upper inset, which shows the transition between the isothermal and adiabatic regimes of the MCS around the characteristic thermal frequency *ω*~*θ*~/2*π* ≈ 8.24 Hz^[@CR13],[@CR16]^. Compared to the QWR resonance, this thermal transition occurs at much lower frequencies and with much smaller impact on the effective bulk modulus. Figure [4(b)](#Fig4){ref-type="fig"} represents the complex and frequency dependent Darcy permeabilities of the MCS. Note that the Darcy permeabilities of the FCS are the same as those of the MCS. Differences between *K*~1~ and *K*~2~ clearly show the anisotropic behaviour of the system. The frequencies *ω*~1~/2*π* ≈ 6 Hz and *ω*~2~/2*π* ≈ 83 Hz characterise the transition between the viscodiffusive regime and the inertio-propagative regime in the principal directions **e**~1~ and **e**~2~^[@CR13],[@CR16]^.Figure 4Effective parameters. (**a**) Real (red line) and imaginary (blue line) parts of the normalized bulk modulus for the MCS (solid line) and for the FCS (dashed line). Zoom at negative bulk modulus region (shadowed area) in the lower inset, and at the transition between isothermal and adiabatic regimes around characteristic frequency *ω*~*θ*~/2*π* in the upper inset. (**b**) Real (red lines) and imaginary (blue line) parts of the normalized Darcy permeabilities for the two principal directions *e*~1~ (solid lines) and *e*~2~ (dashed lines), and position of the characteristic frequencies *ω*~1~/2*π* and *ω*~2~/2*π*.

Dispersion Relation in the MCS {#Sec5}
==============================

To show the effects of the effective fluid parameters on wave propagation, the dispersion relation in both the MCS and the FCS is studied. In each principal direction **e**~*n*~ with *n* ∈ {1, 2, 3}, the wavenumber *k*~*n*~ and the sound speed *c*~*n*~ are given by *k*~*n*~ = *ω*/*c*~*n*~ and $\documentclass[12pt]{minimal}
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                \begin{document}$${c}_{n}=\sqrt{-{\rm{i}}\omega {K}_{n}B/\eta }$$\end{document}$, where *c*~2~ = *c*~3~ due to the orthotropy in the system. The real and imaginary parts of the wavenumbers $\documentclass[12pt]{minimal}
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                \begin{document}$${k}_{n}^{FCS}$$\end{document}$ in the FCS and *k*~*e*~ in air are shown in Fig. [5(a,b)](#Fig5){ref-type="fig"} while the normalized sound speeds Re(*c*~*n*~)/*c*~*e*~ are shown Fig. [5(c)](#Fig5){ref-type="fig"}, where *c*~*e*~ is the sound speed in air.Figure 5Dispersion relation along the principal directions **e**~1~ (blue lines) and **e**~2~ (red lines): (**a**) real and (**b**) normalized imaginary parts of the wavenumber and (**c**) normalized effective wave speed for the MCS (continuous lines), for the FCS (dashed lines) and for the air (black continuous line).

First of all, the anisotropy in the MCS and the FCS entails different dispersion relations according to the principal direction **e**~*n*~ with *n* ∈ {1, 2, 3}. However, in each principal direction, a band gap is opened for the MCS in the frequency range where the effective bulk modulus has negative values. This band gap is characterised by quasi non-propagative waves, $\documentclass[12pt]{minimal}
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At frequencies below the band gap, the wave speeds are much smaller than the wave speed in both the FSC and the air, resulting in a slow sound regime. In this regime, the wave speeds possess a plateau at low frequencies and slowly decrease to a value close to zero at the frequency of the lower bound of the band gap. It is worth noting that the group velocity, defined as $\documentclass[12pt]{minimal}
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                \begin{document}$$\partial {k}_{n}^{MCS}$$\end{document}$ is also much lower than the group velocity in both the FCS and in air and tend to zero at the frequency of the lower bound of the band gap. We notice also that the inherent losses of the MCS, translating in Im(*k*~*n*~), are not negligible for the frequencies below the band gap. At frequencies above the band gap the wave speed is higher than that of both the FSC and the air, resulting in a supersonic regime^[@CR19],[@CR21],[@CR22]^.

Conversely, the wave dispersion and attenuation in the FCS are weak in every direction: the sound speed along the principal directions are almost constant in the inertial-adiabatic regime above 100 Hz, with the sound speed being close to that of air in the direction **e**~1~ but almost divided by 2 along the directions **e**~2~ due to a tortuosity effect. For both the FCS and the MCS, the sound speed decreases down to zero as *ω* → 0 in the viscous regime below 100 Hz.

Critical Coupling and Perfect Absorption {#Sec6}
========================================

The slow sound effect and the inherent losses of the MCS discussed before can be used to design finite size perfect absorber samples. On the one hand, the frequencies of the Fabry-Perot resonances drastically decrease due to the slow sound regime of the MCS. As a consequence, these resonances happen for wavelengths much larger than the structure thickness, i.e., the MCS becomes deeply sub-wavelength. On the other hand, the MCS layer behaves as an open lossy and resonant system, characterised at the resonant frequencies, by both the leakage rate of energy (i.e., the coupling of the resonant elements with the propagating medium) and the inherent losses. In the reflection problem, the balance between the leakage and the losses activates the condition of critical coupling, enabling a perfect impedance matching to the background medium, and therefore generating a perfect energy absorption^[@CR12],[@CR22],[@CR23]^. The layer sample analysed here and depicted in Fig. [3](#Fig3){ref-type="fig"} has been designed so that the layer of thickness *L* = 13$\documentclass[12pt]{minimal}
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                \begin{document}$${\ell }_{3}$$\end{document}$ = 109.2 mm is critically coupled to air under plane wave excitation at normal incidence with *λ*~*e*~ = 13 *L* in the principal direction **e**~3~, see Section Methods.

In a reflection problem, the representation of the zeros and the poles of the reflection coefficient in the complex frequency plane is an efficient tool to interpret the critical coupling condition^[@CR12]^. Introducing the complex frequency plane (complex frequency $\documentclass[12pt]{minimal}
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                \begin{document}$$R(\tilde{\omega })$$\end{document}$, represents the scattering of the system. In the lossless case, the relation $\documentclass[12pt]{minimal}
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                \begin{document}$$R({\tilde{\omega }}^{\ast })$$\end{document}$ is satisfied due to temporal invariance symmetry, where $\documentclass[12pt]{minimal}
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                \begin{document}$$\tilde{\omega }$$\end{document}$ respectively. Consequently, the reflection coefficient possesses pairs of poles and zeros at complex frequencies being complex conjugate with each other. More importantly, the imaginary part of the complex frequency of the pole represents the energy leakage of the system. In the lossy case, when inherent losses are introduced, the zeros and poles are not complex conjugates any more and in particular both are shifted downward in the complex frequency plane, if *e*^−i*ωt*^ is used. The zero of the reflection coefficient can thus intersect the real frequency axis, enabling perfect absorption when exactly located on this axis.

Figure [6(a)](#Fig6){ref-type="fig"} shows the complex frequency plane for the FCS sample. The pairs of pole/zero represent the different Fabry-Perot resonances of the system. Complementary, Fig. [6(b)](#Fig6){ref-type="fig"} depicts the theoretical predictions and the experimental results of the absorption coefficient for the FCS sample. Both the pairs of pole/zero and the absorption peaks appear almost equally spaced in frequency, approximatively following the typical harmonic series {1, 3, 5, 7, ...} of the quarterwavelength resonances of a rigidly backed layer, because the system is weakly dispersive (as shown in Fig. [5(a,b)](#Fig5){ref-type="fig"}). Moreover, the distance of the zero of the reflection coefficient to the real frequency axis is related to the amplitude of the absorption peaks: the closer the zero to the real frequency axis, the higher the absorption peak. Notably, a near-perfect absorption (97.4%) is observed experimentally on the first peak at 509 Hz. Experimental results are in very good agreement with the theoretical predictions.Figure 6Complex frequency planes representing log(\|*R*\|^2^) for the FCS (**a**) and for the MCS (**c**). Absorption coefficients (theoretical prediction in continuous red line, experiments in open circles) for the FCS (**b**) and for the MCS (**d**).

Figure [6(c,d)](#Fig6){ref-type="fig"} respectively show the complex frequency plane and the absorption coefficient for the MCS sample. The absorption peaks and the pairs pole/zero are not any more equally spaced in frequency due to the strong dispersion introduced by the resonances of the double QWR. Here, we pay attention to the frequencies below the band gap. The first absorption peak appears at 272 Hz. The ratio of the wave speed between the FCS and the MCS along the **e**~2~ (=**e**~3~) direction \[in Fig. [5(c)](#Fig5){ref-type="fig"}\] is in good agreement with the downshifting of this peak at low frequencies with respect to the first absorption peak of the FCS. More importantly, we observe perfect absorption for this peak (experimentally 99.6% at 258 Hz), where the corresponding wavelength equals to 13 times the slab thickness. Thus, this system represents a sub-wavelength perfect absorber. A cascade of nearly perfect absorption peaks, due to the higher order Fabry-Perot resonances, is produced and perfectly grasper by the theory. Each of these nearly perfect absorption peak is associated with a low quality factor resonance arising from the coupling with viscous and thermal diffusion tailored by the concentration of double QWR and the corrugation. These low quality factors strongly contribute to enhance the absorption between two consecutive peaks. Nevertheless, a perfect absorption peak theoretically predicted at the lower bound of the band gap around 2.39 kHz is in disagreement with the experimental data, in which an absorption coefficient of 0.86 is achieved. This is due to the fact that the theoretical model assumes an infinite number of the resonators along the structure depth, creating an accumulation point^[@CR24]^, while this number is finite in practice. Effectively, the MCS sample comprises only 13 unit cells along the **e**~3~ direction.

Conclusions {#Sec7}
===========

The metafluid inspired by cereal straws has been theoretically and experimentally reported for sub-wavelength perfect sound absorption. A straw bale constituted of straws cut on either side of a node is idealized by a three-dimensional periodic repetition of tightly packed double QWR. This idealised straw bale is homogenised, exhibiting slow sound region enabling to increase of the density of state in the subwavelength regime together with viscous and thermal diffusion through the arrangement of stems. The MCS behaves like an open and lossy resonator, the absorption properties of which are tailored by critical coupling. Therefore, the designed MSC is a sub-wavelength perfect absorber. Moreover, the strong dispersion arising from the fundamental resonance of the double QWR induces a cascade of nearly perfect absorption peaks below the lower bound of the band gap. The absorption between consecutive peaks is strongly enhanced by the viscous and thermal diffusion through the anisotropic surrounding fluid. The designed MCS possess a 99.6% absorption peak at 258 Hz, which corresponds to a wavelength 13 times larger than of the slab thickness. The design of the present MSC offers both a comprehensive explanation of the acoustic properties of bio-sourced materials, such as wheat, reed, or rattan and large perspectives for the design of bio-inspired metafluid, notably through its anisotropy.

Methods {#Sec8}
=======
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Poro-acoustics with inner resonances {#Sec9}
------------------------------------

Using the theory of poro-acoustics with inner resonances^[@CR19]^, the effective pressure *P* and particle velocity **V** in the MCS are governed by the following equations of mass conservation and generalised Darcy law,$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\nabla \cdot {\bf{V}}={\rm{i}}\omega \frac{{\varphi }_{0}{\beta }_{0}}{{B}_{e}}P+\frac{{Q}_{1}+{Q}_{2}}{|{\rm{\Omega }}|},\,{\bf{V}}=-\,\frac{{\bf{K}}}{\eta }\nabla P,$$\end{document}$$where *Q*~*j*~ is the flux pulsed out from the aperture $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${{\rm{\Sigma }}}_{j}$$\end{document}$, and where the compressibility factor *β*~0~ in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${{\rm{\Omega }}}_{0}$$\end{document}$ is driven by the thermal permeability $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\rm{\Theta }}$$\end{document}$ according to,$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\beta }_{0}=\gamma +{\rm{i}}\omega \,(\gamma -1)\,{\rm{\Theta }}\,{C}_{p}/({\varphi }_{0}\kappa ).$$\end{document}$$

Equation ([6](#Equ6){ref-type=""}) reveals that the QWRs act as secondary acoustic sources in the mass conservation: they radiate the flux $\documentclass[12pt]{minimal}
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Cell problems {#Sec10}
-------------
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In Eqs ([13](#Equ13){ref-type=""}) and ([14](#Equ16){ref-type=""}), vector **n** is normal to the boundary $\documentclass[12pt]{minimal}
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                \begin{document}$${{\rm{\Sigma }}}_{{\rm{lat}}}$$\end{document}$ is the lateral surface of the straws. The cell problems ([14](#Equ16){ref-type=""}) are computed numerically by means of the Finite Element Method using commercial software COMSOL Multiphysics®. The computations are performed in 3-D on a single unit cell with periodicity conditions. Problems in Eq. ([14a](#Equ16){ref-type=""}) and ([14c](#Equ18){ref-type=""}) are solved with module *Coefficient Form PDE* in *Mathematics* while problem in Eq. ([14b](#Equ17){ref-type=""}) is solved with module *Creeping flow* in *Fluid Flow*. The geometry has been meshed with Free Tetrahedral elements, sufficiently small to ensure accuracy. To account for the corrugation on the cell problems, similar cell problems are computed for the square array of infinite cylinders with corrugated lateral surface and values of the tests-fields hence obtained are substituted into Eq. ([13](#Equ13){ref-type=""}) in the domain between the cylinders, while values of *θ*, **u**~*n*~ and *χ*~*n*~ in the air gap of thickness $\documentclass[12pt]{minimal}
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Samples and experimental set-up {#Sec11}
-------------------------------

The reflection of a plane wave from a layer of material of thickness *L* arranged against a rigid backing is studied. The air/layer interface $\documentclass[12pt]{minimal}
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The MCS geometrical parameters were tuned using optimisation Sequential Quadratic Programming. The minimised cost function is \|*R*\|^2^ at the required frequency. The MCS and FCS samples were fabricated using a MakerBot ®Replicator ®2X Experimental 3D Printer based on the Fused Filament Fabrication technology. Heated continuous filament of thermoplastic material is deposited layer-by-layer by the extruder head having a 400 *μ*m diameter nozzle. The layer height setting is 200 *μ*m, which corresponds to the period measured on the ESM cliché in Fig. [3](#Fig3){ref-type="fig"}. Impedance tube measurements were performed in a tube with 4.2 cm × 4.2 cm square cross section. Assuming that plane waves propagate below the cut-off frequency of the tube (4200 Hz), the walls of the tube act as perfect mirrors to emulate a periodicity pattern in the directions **e**~1~ and **e**~2~. The sample is placed at the end of the tube against a copper plug that closes the tube. A single microphone (1/4 inch pressure field B&K microphone type 4938) attached on a one-dimensional robotised arm is used. This technique provides the experimental absorption coefficient at normal incidence without cross-calibration of many microphones and with an enhanced accuracy at low frequencies^[@CR21],[@CR22]^. Input sine signals were generated and output signals from microphone were acquired by the two-channel dynamic signal analyzer (Stanford Research Systems model SR785).
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